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Abstract
Effective neutrino-quark generalized interactions are entirely determined by Lorentz invariance,
so they include all possible four-fermion non-derivative Lorentz structures. They contain neutrino-
quark non-standard interactions as a subset, but span over a larger set that involves effective scalar,
pseudoscalar, axial and tensor operators. Using recent COHERENT data, we derive constraints on
the corresponding couplings by considering scalar, vector and tensor quark currents and assuming
no lepton flavor dependence. We allow for mixed neutrino-quark Lorentz couplings and consider
two types of scenarios in which: (i) one interaction at the nuclear level is present at a time, (ii) two
interactions are simultaneously present. For scenarios (i) our findings show that scalar interactions
are the most severely constrained, in particular for pseudoscalar-scalar neutrino-quark couplings.
In contrast, tensor and non-standard vector interactions still enable for sizable effective parameters.
We find as well that an extra vector interaction improves the data fit when compared with the
result derived assuming only the standard model contribution. In scenarios (ii) the presence of two
interactions relaxes the bounds and opens regions in parameter space that are otherwise closed,
with the effect being more pronounced in the scalar-vector and scalar-tensor cases. We point out
that barring the vector case, our results represent the most stringent bounds on effective neutrino-
quark generalized interactions for mediator masses of order ∼ 1 GeV. They hold as well for larger
mediator masses, case in which they should be compared with limits from neutrino deep-inelastic
scattering data.
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1 Introduction
The coherent elastic neutrino-nucleus scattering (CEνNS) process has been recently observed by the
COHERENT experiment [1], more than 40 years after its first theoretical description [2]. Compared
to other neutrino processes at energies below 100 MeV, CEνNS has a large cross section with a value
of order 10−39 cm2, due to the enhancement induced by the square of the number of neutrons in the
nucleus. However, despite these large values the CEνNS eluded experimental detection for years due
to the complicated measurement of the weak nuclear recoil energies (∼ few keV) produced in the
interaction. Its measurement became possible thanks to the development of ultra-sensitive technology
in other experimental searches namely, rare decays and weakly interacting massive particle dark matter
(DM) [3].
CEνNS occurs when the de Broglie wavelength of the scattering process is larger than the nuclear
radius (λ = h/q & RN , where q refers to the exchanged momentum), which for typical nuclei translates
into q . 200 MeV. Accordingly, in ν − N scattering processes in which q is sufficiently small the
scattering amplitudes on single nucleons add coherently and lead to an enhanced cross section whose
value depends upon the number of nucleons within the nucleus. In the standard model (SM) the CEνNS
process is well understood and it is determined by Z boson exchange [2]. It receives contributions from
vector and axial nuclear currents, with the latter being—of course—relevant only for nuclei with spin
J 6= 0 [4]. However, even in that case, it is well known that the axial contribution is relevant only for
light nuclei [4] and negligible for heavy ones, such as Cs and I used in the COHERENT detector [1].
The COHERENT experiment uses neutrinos produced in the spallation neutron source (SNS) at
the Oak Ridge National Laboratory. The spallation process starts with negatively charged Hydrogen
ions H− which are accelerated at a LINAC. After being accelerated at ∼ 0.9 c, the two electrons in the
H− ions are stripped off and the resulting protons are accumulated in a storage ring. Spallation takes
place when 60 Hz proton pulses hit a liquid mercury fixed target. In that process not only neutrons
but also pions are produced from spallation. The neutrinos used by COHERENT are thus generated
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by pi+ and µ+ decay resulting in prompt νµ and delayed ν¯µ and νe [1]. The detection of the CEνNS
process is performed using a low-background 14.6 kg sodium-doped CsI (CsI[Na]) detector which relies
on scintillation for the detection of nuclear recoils induced by the neutrino-nucleus scattering process.
Prospects for further and more precise measurements of the CEνNS process include COHERENT
upgrades. Starting with a CsI[Na] scintillator detector, the collaboration plans upgrades involving
p-type point-contact Germanium and two-phase liquid Xe detectors [3]. The CENNS experiment is a
proposal that aims at using the Fermilab far-off-axis Booster Neutrino Beam, for which Eν . 50 MeV [5].
In addition, experiments using reactor anti-neutrinos with typical energies below ∼ 8 MeV are also
planned. They include: A proposal for an ultra-low-energy Germanium detector located at the Kuo-
Sheng Reactor Laboratory in Taiwan, with a capability for measuring nuclear recoil energies down to
0.1−0.2 keV [6]; CONNIE, a solid state-based detector using antineutrinos generated in the “Almirante
Alvaro Alberto” nuclear power plant in Rio de Janeiro, Brazil [7]; CONUS a low-energy Germanium
detector which uses anti-neutrinos produced at a nuclear power plant in Brokdorf, Germany [8].
Measurements of the CEνNS process open a wide spectrum of physics opportunities. For example,
they allow to constrain electroweak parameters such as the weak mixing angle [9, 10]. They allow
as well the study of neutrino electromagnetic properties such as its charge radius or magnetic dipole
moment [11], which if present and sufficiently sizable can affect—to a certain extent—the energy recoil
spectrum and the expected number of scattering events [9, 12]. They further provide a rich avenue for
testing the presence of more generic beyond the standard model (BSM) physics, such as neutrino-quark
non-standard interactions (NSI) [12, 13], light mediators associated with new U(1) gauge symmetries
or with extended scalar sectors and involving order keV-MeV scalars [14–17]. Moreover, facilities
optimized for the study of the CEνNS process offer a potential way to observe neutrinos from supernovæ
[4, 18], measure the neutron part of nuclear form factors [19] and test the presence of sterile neutrinos
[20]. In addition, CEνNS interactions share the same detectable signature (low-energy recoiling nuclei)
of galactic DM scattering off target nuclei. Hence, a precise understanding of the CEνNS process
is of paramount importance for near-future DM direct detection searches, which will be subject to
irreducible neutrino backgrounds (solar neutrinos in the short-term) [21,22]. New physics contributions
can potentially change the impact that such a background will have on the capability of multi-ton
scale DM detectors [23–26]. So, understanding at which extent the new physics can impact the CEνNS
process becomes crucial.
In the wake of the observation of the CEνNS process by COHERENT, various analyses have been
considered. Soon after the data release, ref. [27] studied the capability of the interplay between neutrino
oscillation and COHERENT data to rule out the so-called Large Mixing Angle Dark (LMA-D) solution
to neutrino mixing parameters [27], which arises in the presence of NSI. COHERENT data allows, to
a certain extent, to remove the parameter degeneracy and to rule out the LMA-D solution at the ∼ 3σ
level. Ref. [28] studied the constraints implied by data on various BSM scenarios, including neutrino-
quark NSI and light vector mediators. These results show that COHERENT data still allow for certain
BSM scenarios to sizeably contribute to the CEνNS cross section. Ref. [29], instead, focused on nuclear
aspects of the data and calculated for the first time the root-mean-square neutron radius. More recently,
ref. [9] carried out an analysis including NSI, light vector and scalars (order MeV mediators) and
electromagnetic properties, with conclusions similar to those in ref. [28]. Other analyses have included
DM properties, e.g. constraints on dark-photon portal parameters, in which case COHERENT places
the most stringent bounds for mDM . 30 MeV [30]. This clearly shows the capability of the CEνNS
process as a tool for testing new physics in the low-energy domain.
At the effective leading-order level, neutrinos couple to quarks through dimension-six operators.
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In the SM both vector and axial quark currents are present. Contributions from heavy new physics
can be parameterized by a larger set of couplings subject only to the condition of Lorentz invariance.
The most studied case of such parameterization corresponds to neutrino NSI [31], where the couplings
have a SM-like structure, but are controlled by free parameters that “measure” the relative strength
of the new interaction to the Fermi interaction (GF ). Neutrino NSI, however, are a subset of a whole
set of interactions which include scalar, pseudoscalar, vector, axial and tensor couplings, which we
refer to as neutrino generalized interactions (NGI). They may emerge in BSM scenarios in which e.g.
neutrinos couple to heavy scalars [32] or in models where neutrinos have non-vanishing electromagnetic
couplings [33]. If we were to consider such scenarios additional constraints from the charged lepton
sector should be accounted for1, but here we do not consider this possibility and rather stick from the
very beginning to non-gauge invariant dimension six operators. In doing so, we then place constraints
on the new effective couplings by requiring consistency with the COHERENT measurement. In our
analysis we focus on the leading contributions, which means that we do not consider pseudoscalar
nor axial quark currents. These are spin-dependent interactions that—as in the SM case—lead to
suppressed contributions. It is worth emphasizing that our analysis is complementary to those presented
in refs. [9,28] and extends upon these studies by including scalar effective interactions, crossed Lorentz
structures and simultaneous presence of different nuclear currents.
The rest of this paper is organized as follows. In sec. 2 we provide a short overview of the CO-
HERENT experiment and discuss the definitions and conventions used to perform our analysis, such as
theoretical neutrino fluxes and calculation of number of events. We also define the binned χ2 function
and the different measured quantities that are involved. In sec. 3 we present the parametrization for
NGI starting with neutrino-quark interactions and ending up with neutrino-nucleus couplings. We pro-
vide relations between the quark and nucleus couplings for scalar, vector and tensor currents. In sec.
4 we present our results for the differential cross section and the constraints implied on the effective
neutrino-quark parameters by COHERENT data. Finally, in sec. 5 we summarize and present our
conclusions. In appendix A we provide details of the cross section calculation for neutrinos and anti-
neutrinos in the zero-momentum limit, including the full set of generalized interactions for spin−1/2
nuclei.
2 CEνNS signal rate at COHERENT
COHERENT uses neutrinos produced in the Spallation Neutron Source at the Oak Ridge National
Laboratory [1]. The interaction of a pulsed proton (∼ 1 GeV) beam with a fixed mercury target
produces neutrons from spallation and a substantial amount of low-energy neutrinos, which stem from
the decay of stopped pions and muons, pi+ → µ+ + νµ and µ+ → e+ + νe + ν¯µ. Muon neutrinos—being
the by-products of a two-body decay—are monochromatic, and their energy is determined by the pion
and muon masses: Eνµ = (m
2
pi − m2µ)/2mpi ' 30 MeV. Accordingly, their energy distribution is given
by [35]
Fνµ(Eνµ) =
2mpi
m2pi −m2µ
δ
(
1− 2Eνµmpi
m2pi −m2µ
)
. (1)
1This is the case in gauge-invariant effective formulations of neutrino NSI. Additional constraints include limits on
charged lepton flavor violating processes, universality of the W± gauge couplings and e+e−q¯q contact interactions [34].
Thus, in the case of NGI constraints of this type should apply as well.
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Electron neutrinos and muon anti-neutrinos instead feature continuous spectra. Their energy distribution—
normalized to one—can be read off from the µ+ (unpolarized) differential rate, namely
d
dEX
Γ(µ+ → e+ + νe + ν¯µ) = Γ(µ+ → e+ + νe + ν¯µ)FνX (EνX ) (X = νe, ν¯µ) , (2)
where the energy distribution functions are given by [35]
Fνe(Eνe) =
192
mµ
(
Eνe
mµ
)2(
1
2
− Eνe
mµ
)
,
Fν¯µ(Eν¯µ) =
64
mµ
(
Eν¯µ
mµ
)2(
3
4
− Eν¯µ
mµ
)
, (3)
with the kinematic end point located at Eν = mµ/2 ' 52.8 MeV. The neutrino flux (per flavor) that
reaches the CsI[Na] detector, φα(Eνα) (α = νµ, ν¯µ, νe), is then determined by the energy distribution
functions in eqs. (1)-(3) times the total number of neutrinos per each flavor, N. The latter is fixed
by the number of neutrinos produced per proton collision (r = 0.08 per flavor), the distance from
the source to the detector (L = 19.3 m) and the number of protons-on-target (POT, nPOT). For the
308.1 live-days of neutrino production, nPOT = 1.76 × 1023 [1]. Thus, since neutrinos are isotropically
produced, N = r × nPOT
4piL2
and
φX(EX) = NFX(EX) (X = νµ, ν¯µ, νe) . (4)
The COHERENT detector consists of mdet = 14.6 kg of CsI[Na], where the sodium dopant is present
with a fractional mass of 10−5 − 10−4 and so it does not play any substantial roˆle as a target. Notice
also that since ACs ' AI, both Cs and I yield approximately the same nuclear response. The number
of target nuclei is therefore given by nN =
2mdet
mCsI
× NA [28], where mCsI = 2.598 × 10−1 kg/mol is the
CsI molar mass and NA is the Avogadro number.
For a given flavor α and taking into account both the Cs and I nuclei, the expected number of events
in the i-th recoil energy bin reads
Riα = nN
∑
a=Cs,I
fa
∫ Eri+∆Eri
Eri−∆Eri
dErA(Er)F
2(qa)
∫ Emaxν
Eminν
dEνφα(Eν)
dσaα
dEν
. (5)
Here Eminν =
√
2mNaEr (Er refers to the nuclear recoil energy and mNa to the nucleus mass), E
max
ν =
mµ/2 and fa are nuclear fractions: fCs = 51% and fI = 49%. The observed number of photoelectrons
(PE) is related to the recoil energy through [1]
nPE = 1.17
(
Er
keV
)
. (6)
In terms of nPE the COHERENT signal covers 25 bins starting from nPE = 1 and extending up to
nPE = 49, with bin size equal to 2 photoelectrons. Since the acceptance function vanishes for nPE ≤ 5
(see below), the first three bins contain no information on the scattering process. Furthermore, from
nPE ≥ 31 the relation between the number of photoelectrons and the nuclear recoil energy in (6) does
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not hold anymore. Thus, in our analysis we consider only 14 data bins, from nPE = 7 to nPE = 31
2,
assuming that at nPE = 31 eq. (6) is still valid (excluding this bin has no significant impact in our
results). In terms of nPE the recoil energy integration limits are (nPE ∓ 1)/1.17. In our calculation we
employ the nuclear Helm form factor (see discussion in sec. 4):
F (qa) = 3
j1(qarn)
qarn
eq
2
as
2/2 , (7)
where j1(x) is the order-one spherical Bessel function, qa = 6.92 × 10−3
√
AaEr fm
−1 and the effective
nuclear radius is given by rn = (c
2 +7pi2a2/3−5s2)1/2, with s = 0.9 fm, a = 0.52 fm and c = (1.23A1/3a −
0.6) fm [37]. The acceptance function A(x) is given by 3
A(x) =
k1
1 + e−k2(x−x0)
H(x− 5) , (8)
where k1 = 0.6655, k2 = 0.4942, x0 = 10.8507 and H is the Heaviside function.
The CEνNS differential cross section dσaα/dEr depends on the nuclear target and in BSM physics
scenarios can be flavor dependent. In the SM it arises from the neutral current vector and axial-vector
couplings [2], with the axial contribution terms being subdominant [4]. The leading contribution can
be written as follows:
dσa
dEr
=
G2F
4pi
mNaQ
2
SM,a
(
1− ErmNa
2E2ν
)
F 2(q2) . (9)
Here Q2SM,a = [Za(1 − 4 sin2 θw) − Na]2 ' N2a , thus showing that for heavy nuclei the CEνNS cross
section is largely enhanced. From eqs. (5), (7), (8) and (9) we calculated the number of CEνNS
events predicted by the SM. The result is shown in fig. 1, for the different FX separately (colored
histograms) and for the total neutrino flux (black histograms), together with the COHERENT data
with their corresponding uncertainties. As can be seen, these data closely follows the SM prediction [1].
However, due to the still large uncertainties, sizable contributions from BSM physics can be present
and can therefore be constrained. As we have already pointed out, since the release of the COHERENT
result various BSM scenarios have been analyzed. They include neutrino effective NSI [27,28], NSI via
light mediators [9, 15, 28], neutrino four-fermion contact tensor interactions as well as electromagnetic
neutrino couplings [9].
To constrain new physics contributions with COHERENT data, we use the following least-squares
function4
χ2 =
16∑
i=4
(
Nmeasi − (1 + α)NNGIi (P)− (1 + β)Boni
σi
)2
+
(
α
σα
)2
+
(
β
σβ
)2
, (10)
where Nmeasi is the number of events measured in the i-th bin, N
NGI
i is the number of events predicted
by the NGI scenario (determined by the set of parameters P), σ2i is the statistical uncertainty on the
experimental data in the i−th bin. The nuisance parameters α and β account for uncertainties on
2Recently, COHERENT has released data and detailed information that enables independent analysis [36]. In this
release the acceptance function does cover the bin at nPE = 5. In our analysis however we use eq. (8), since the
uncertainties in our calculation introduced by not considering this bin are small compared to e.g. uncertainties related
with the choice of nuclear form factor (±5%) or neutrino fluxes (±10%) [1].
3We thank Juan Collar and Bjorn Scholz from the COHERENT collaboration for giving us this information.
4Note that we consider a spectral definition for the χ2 function. Differently from the COHERENT collaboration,
which performed an analysis of neutrino-quark NSI treating the measurement as a single-bin counting experiment [1].
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Figure 1: Number of expected CEνNS events as a function of photoelectrons in the SM. The points
correspond to COHERENT data [1] (with their error bars), while the colored histograms refer to the
number of events from the three neutrino flavors produced in proton-Hg interactions. The largest
(smallest) number of events is obtained from ν¯µ (νµ) flux.
the signal rate and on the background. Their standard deviations are σα = 0.28 and σβ = 0.25. The
calculation of the function in eq. (10) requires as well the beam-on background (per bin) Boni , which is
dominated by far by prompt neutrons resulting from the SNS and which are able to penetrate the 19.3
m of moderating material. Fig. 2 shows the distribution for Boni , obtained from the prompt neutron
probability distribution function and weighted by the energy delivered during the 308.1 live-days of
neutrino production, 7.48 GWhr [36] 5.
3 Neutrino generalized interactions
Most studies of the CEνNS process in the presence of new physics are done assuming neutrino NSI [31],
which are determined by the following four-fermion effective operator
LNSIeff = −
√
2GF
∑
q=u,d
ν¯iγ
µ(1− γ5)νj q¯
(
qVij + γ5
qA
ij
)
q . (11)
Here 
q(V,A)
ij are free parameters which are constrained by neutrino oscillation and neutrino scattering
data and q = u, d quarks [27, 35, 38, 39] (see also ref. [40] for a review). These couplings parameterize
the strength of the new interactions (relative to GF ). The operator in eq. (11) is actually more general
and encodes other interactions. For example, it describes as well an effective theory involving operators
such as (ν¯Li qR) (q¯R νLi), as can be checked by Fierz rearrangement of the fermion fields. Nevertheless,
eq. (11) is not the most general effective ν − q operator. A more general treatment is possible by
5We thank Grayson Rich from the COHERENT collaboration for providing us this information prior to its release
in [36] and for instructing us on its use.
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Figure 2: Beam-on background from prompt neutrons as a function of the number of photoelectrons
nPE. It follows from the prompt neutron probability distribution function and it is weighted by the
energy delivered during the 308.1 live-days of neutrino production, 7.48 GWhr [36]. Only PE bins
considered in our analysis (7 ≤ nPE ≤ 31) are shown.
considering all Lorentz invariant non-derivative interactions of neutrinos with first generation quarks,
namely (we use the notation employed in [41])
LNGIeff =
GF√
2
∑
X
ν¯ΓXν q¯ΓX (C
q
X + iγ5D
q
X) q . (12)
Here ΓX = {I, iγ5, γµ, γµγ5, σµν}, where σµν = i[γµ, γν ]/2 and without loss of generality the parameters
CqX and D
q
X are real [41]. As in the NSI case, they “measure” the relative strength of the new physics
and so their size is of order (
√
2/GF )(g
2
X/m
2
X), where mX is the mass of the exchanged particle and
gX the coupling constant. Due to the quark axial current term, these interactions include diagonal
and non-diagonal Lorentz structures. For example, ΓP involves pseudoscalar-pseudoscalar as well as
pseudoscalar-scalar neutrino-quark couplings.
Among the NGI, those that give the most relevant effect, in the sense that can sizeably dimin-
ish/exceed the SM contribution, do not involve nuclear spin. Indeed, effective couplings for nuclear
spin-dependent interactions are determined by a sum over spin-up and spin-down nucleons, Z↑ − Z↓
and N↑−N↓ (for proton and neutrons respectively). Therefore they are suppressed for all nuclei except
for light ones [4]. Since our analysis involves heavy CsI nuclei we then drop the pseudoscalar and axial
quark currents and we only keep scalar, vector and tensor quark currents. It is worth emphasizing that
with this choice only the parameters P = {CqS, DqP , CqV , DqA and CqT} can be constrained.
To compute the CEνNS cross section induced by the NGI we assume a fermion nuclear ground state
with spin J = 1/2. This is motivated by the fact that nuclear matrix elements for nucleonic currents
can in this case be borrowed from nucleon matrix elements for quark currents. Of course with such
procedure one has to bear in mind that the corresponding nuclear form factors are different. In our
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case all the leading-order decompositions will involve the Helm form factor given in eq. (7)6. This is
somehow expected given that after dropping the pseudoscalar and axial quark currents the remaining
interactions become spin-independent and so they add coherently on the nucleons7.
To determine the effective neutrino-nuclear Lagrangian, from which we next calculate the cross
section in the zero-momentum transfer limit, we start with the quark currents and we end up with
nuclear currents following the procedure
Oq
step (I)−−−−→ On step (II)−−−−→ ON , (13)
where Oq,n,N refer to quark, nucleon (n = p, n) and nuclear operators, respectively. For step (I) one
calculates quark currents in nucleons according to (see e.g. [43,44])
〈n(pf )|q¯ q|n(pi)〉 = mn
mq
fTq n¯n ,
〈n(pf )|q¯γµq|n(pi)〉 = Nnq n¯ γµn ,
〈n(pf )|q¯ σµν q|n(pi)〉 = δnq n¯σµν n . (14)
Here pi and pf refer to initial and final state nucleon momenta. The scalar current receives contributions
also from heavy quarks (q = c, b, t), which are not of the form given in eq. (14). These contributions
however are suppressed by mn/mq and so we do not consider them. Moreover, we neglect as well the
contribution from strange quarks and from gluons and we keep only first generation quarks. For vector
currents, the coefficients Nnq can be understood essentially as the number of quarks within the nucleon,
while for tensor currents δnq represents a tensor charge. The factors fTq are related with the fraction of
the nucleon mass “carried” by a particular quark flavor. They are derived in chiral perturbation theory
from measurements of the pi − n sigma term [45]. The factors δnq that we use here are derived from
an analysis based on data from azimuthal asymmetries in semi-inclusive deep-inelastic scattering (DIS)
and e+e− → h1h2X processes [46]. More recent values are given in refs. [47–49]. In our calculation we
use the numerical values [46,50]
fpTu = 0.019 , f
p
Td
= 0.041 , δpu = 0.54 , δ
p
d = −0.23 , (15)
fnTu = 0.023 , f
n
Td
= 0.034 , δnu = −0.23 , δnd = 0.54 . (16)
For step (II) one evaluates the correlators of nucleonic currents in nuclei, which involve nuclear form
factors and which can be written following Lorentz invariance, namely
〈N(k2)|n¯n|N(p2)〉 = N¯ NF (q2) ,
〈N(k2)|n¯γµn|N(p2)〉 = N¯
(
γµF (q2) +
σµνqν
2mN
F1(q
2)
)
N ,
6We are assuming that the proton and neutron form factors are equal and well described by the Helm form factor,
FZ(q
2) = FN (q
2) ' F (q2). A more precise approach in which FZ(q2) is described by the Fourier transform of the sym-
metrized Fermi distribution and FN (q
2) by the Helm form factor could be adopted [29]. However, given the uncertainties
of COHERENT data our description is precise enough.
7This is what one finds in DM direct detection analyses: all nuclear interactions but the pseudoscalar and axial add
coherently. Accordingly, apart from these two cases, the corresponding cross sections involve only the Helm form factor
(see e.g. [37, 42]).
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〈N(k2)|n¯σµν n|N(p2)〉 = N¯
(
iσµνF (q2)− γ
µqν − γνqµ
2mN
F2(q
2)− K
µqν −Kνqµ
2m2N
F3(q
2)
)
N , (17)
where the momenta of the incoming and outgoing nucleus, p2 and k2, define the exchanged momentum
q = k2 − p2. Some words are in order regarding these decompositions. F (q2) refers to the Helm form
factor in eq. (7) and it is in practice the only one relevant at leading order. The magnetic moment
term in the vector current decomposition, as well as the second and the third terms in the tensor
decomposition, are suppressed by O(q/mN) factors. Thus, keeping just the leading terms, step (II) can
be carried out and the neutrino-nucleus (ν −N) effective Lagrangian can be written
Lν−N ∼
∑
X=S,V,T
ν¯ ΓXν N¯ CX ΓX N +
∑
(X,Y )=(P,S),
(A,V )
ν¯ ΓXν N¯ iDX ΓY N , (18)
where the coefficients CX and DX correspond to ν−N effective couplings determined by the parameters
CqX and D
q
X in eq. (12). Notice that from eq. (18) we can calculate the zero-momentum cross section,
while the full cross section will involve the nuclear form factor which in turn will encode the momentum
dependence (q2 dependence). The ν −N coefficients are written as follows:
CS = Z
∑
q=u,d
C
(q)
S
mp
mq
fpTq + (A− Z)
∑
q=u,d
C
(q)
S
mn
mq
fnTq ,
CV = Z
(
2CuV + C
d
V
)
+ (A− Z) (CuV + 2CdV ) ,
CT = Z
(
δpuC
u
T + δ
p
dC
d
T
)
+ (A− Z) (δnuCuT + δndCdT ) . (19)
The expression for DP is obtained from that of CS by trading C
q
S for D
q
P , while for DA from CV by
trading CqV for D
q
A. The relations in eq. (19) allow to translate the constraints on the ν−N coefficients
to the parameters of the “fundamental” Lagrangian.
3.1 Neutrino oscillations versus neutrino scattering
Before proceeding with the chi-square analysis, it is worth commenting on which other processes may
set constraints on the NGI and on the range of validity of our results. As in the NSI case, interactions
in eq. (12) contribute—in principle—to forward coherent scattering (order GF at q
2 = 0) and scattering
processes (order G2F with q 6= 0). The former are responsible for matter potentials in matter and are
related to neutrino oscillation data, while the latter include not only COHERENT but also DIS data
from CHARM and NuTeV [51,52].
Matter potential induced by SM vector interactions in the Sun and in the Earth are responsible for
resonant neutrino flavor conversion [31,53,54]. Accordingly, new contributions to the vector current are
subject to both constraints, oscillation+scattering. This is indeed the case for neutrino NSI, where it is
found that the combined analysis of oscillation+scattering data imply more stringent bounds [35, 55].
Scalar interactions couple background fermions (nucleons) with different chiralities but same helicity,
and so they lead to helicity suppressed matter potentials (mν/〈Eν〉) [56]. Constraints from neutrino
oscillation data on these couplings are thus loose, if existing at all. Transverse tensor interactions,
instead, can induce a sizable matter potential as they couple background fermions with different chiral-
ities and opposite helicities (longitudinal tensor interactions are helicity suppressed as well). However,
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this tensor matter potential is only relevant in a polarized medium and so it does not sizeably affect
neutrino propagation in the Sun or even in supernovæ [56].
In the NSI case, DIS data places more severe bounds than COHERENT data does [35]. This
should apply as well for the remaining interactions in (12). These limits however do not apply for
mediators whose masses are below the typical momentum exchange in DIS processes, O(10 GeV). For
m2X  q2DIS, the relative value of the new contribution is σBSM/σSM ∼ g4X/q4/G2F and amounts to 1% for
gX = 10
−2. The same parameter choice with mX = 102 MeV and evaluated at q2COH ' (10 MeV)2 gives
σBSM/σSM  1. This means that for mediator masses below 103 MeV DIS constraints can be evaded
and COHERENT bounds become dominant.
It follows that the constraints we derive here (see sec. 4) are the most stringent (for all interactions
except the vector one), in scenarios where the mediator mass is below 103 MeV. For heavier mediators,
more severe limits from DIS data may apply, but to the best of our knowledge such bounds do not exist.
4 Constraints from COHERENT data
To address the implications of COHERENT data on NGI, one has to calculate the number of expected
events for a certain parameter choice according to eq. (5). This requires the determination of the
corresponding cross sections for ν − N and ν¯ − N coherent scattering (the former has been derived
in [41]). Starting from the Lagrangian in eq. (18) we calculate the zero-momentum differential cross
section at leading order, i.e. neglecting O (E2r/E
2
ν) terms:
dσa(q2 = 0)
dEr
=
G2F
4pi
mNaN
2
a
[
ξ2S
Er
Emaxr
+ ξ2V
(
1− Er
Emaxr
− Er
Eν
)
+ ξ2T
(
1− Er
2Emaxr
− Er
Eν
)
−REr
Eν
]
,
(20)
the index a denoting the target material. Details of the full calculation, including pseudoscalar and axial
quark currents, are given in app. A. In the previous expression, Emaxr ' 2E2ν/mNa and the following
definitions apply8
ξ2S =
C2S +D
2
P
N2
, ξ2V =
C2V +D
2
A
N2
, ξ2T = 8
C2T
N2
, R = 2
CSCT
N2
. (21)
The ξX parameters defined in eq. (21) depend upon the nucleus, although for the sake of simplicity
we have not written this dependence explicitly. The momentum-dependent cross section is then obtained
from eq. (20) introducing the nuclear form factor
dσa(q2)
dEr
=
dσa(q2 = 0)
dEr
F (q2) . (22)
Should an axial nuclear current be present, eq. (20) would contain two additional terms, corresponding
to the axial contribution itself and to an interference term between the vector and axial currents. This
axial-vector interference term as well as the last term in eq. (20) (proportional to R) are the only two
that come with opposite signs in the ν¯ − N and ν − N cross sections. In the former (latter) case
we find that the vector-axial interference term leads to constructive (destructive) interference. If we
neglect pseudoscalar and axial nuclear currents then the neutrino and anti-neutrino elastic scattering
8These definitions slightly differ from what was found in ref. [41], where ξV = (CV −DA)/N .
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Param BFP value 90% CL 99% CL
ξS 0 [−0.62, 0.62] [−1.065, 1.065]
ξV
−0.113 [−0.324, 0.224] [−0.436, 0.67]
−1.764 [−2.102,−1.554] [−2.545,−1.442]
ξT 0 [−0.591, 0.591] [−1.071, 1.072]
Table 1: Best-fit-point value (second column), 90% CL (∆χ2 < 2.71, third column) and 99% CL
(∆χ2 < 6.63, fourth column) ranges for the ξX (X = S, V, T ) parameters as defined in eq. (21). From
these results one can then map to the fundamental neutrino-quark parameters using eq. (19). See text
for further details.
cross sections differ only in the term proportional to R, which turns out to be relevant only if scalar
and tensor interactions are simultaneously present. This term leads to rather suppressed differences
and eventually the neutrino and anti-neutrino cross sections can be considered equal.
In full generality, the parametrization introduced in eq. (21) must include the SM as well. The SM
limit is recovered when all the couplings but ξV = CV are set to zero and ξV = CV = 1−(1−4 sin2 θw)×
N/Z. This contribution is of course always present throughout our analysis, and so from now on we
will denote by ξV the BSM contribution to the vector current. Note that the term proportional to
ξV has en extra term, Er/Eν , compared to the SM cross section for J = 0, eq. (9). This term is a
consequence of the nuclear ground state spin, J = 1/2 [41]. From eqs. (19) and (21) one can see that
even neglecting pseudoscalar and axial quark currents and without considering lepton flavor dependent
couplings, the full problem involves 10 free parameters. In order to technically simplify the analysis,
rather than considering the whole set, we stick to two kinds of simplified benchmark scenarios which
we will discuss in the next subsections.
4.1 Single-parameter scenarios
We start our analysis by considering the single-parameter case parameterized in terms of the different
ξX . These “couplings” are related to the neutrino-quark couplings of the “fundamental” Lagrangian
through the relations derived in eq. (19). Thus, in reality, by “single-parameter” scenarios we refer to
the cases in which only one interaction at the nuclear level is present at a time. This, however, does not
mean that the analysis reduces to a single parameter problem. Take for example the vector case. Vector
nuclear currents arise from either ΓV ΓV or ΓA ΓA Lorentz structures, as can be seen by the definition
of ξV . As already introduced in sec. 3, in our analysis we only consider first generation quarks. Thus,
in general, when considering the case in which all ξX vanish except for ξV , one is eventually dealing
with a four-parameter problem (CuV , C
d
V , D
u
A and D
d
A). Similarly, also the scalar interaction involves
four fundamental parameters (CuS , C
d
S, D
u
P and D
d
P ), encoded in ξS. The tensor current instead depends
only on two parameters at the quark level, CuT and C
d
T .
To facilitate the numerical analysis, for the scalar and vector cases we will consider only two neutrino-
quark parameters at a time, for which there are six possible choices: (1-i) CqX 6= 0 or DqX 6= 0, (1-ii) CuX
and DdX different from zero (or C
d
X , D
u
X 6= 0), (1-iii) CuX and DuX different from zero (or CdX , DdX 6= 0).
Of these cases, (1-i) and (1-ii) lead to the same constraints over the different parameters. Constraints
derived on CqX apply directly on D
q
X and those derived on C
u
X and D
d
X on C
d
X and D
u
X . Cases (1-iii)
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Figure 3: Number of expected CEνNS events as a function of the number of photoelectrons in the
SM and in a BSM scenario with vector interactions (SM + ξV (BFPV)). The points correspond to
COHERENT data [1], while the black (red) colored histograms refer to the numbers of events from the
three neutrino flavors in the SM (SM + ξV (BFPV)). See text for details.
instead result in different constraints over the different couplings. Nevertheless, they should differ only
by small values, given that the differences between the up and down couplings and masses are small
(this is actually what is found in NSI analyses [35, 55]). We thus consider only the first options in
(1-i)-(1-iii) and CuT -C
d
T for the tensor interaction.
For all scenarios we fit the COHERENT data by minimizing the least-squares function (eq. (10))
over the systematic nuisance parameters α and β, and then we calculate ∆χ2 = χ2 − χ2min. From this
procedure we obtain the 90% and 99% CL allowed ranges for each ξX . Our results are shown in tab. 1.
Note that while the best fit point values (BFPVs) for ξS and ξT are zero, an additional vector current
with ξV = −0.113 (−1.764) (corresponding to the two minima of the ∆χ2(ξV ) function) improves the
COHERENT data fit. This is shown in fig. 3, where the black (red) colored histograms refer to the
CEνNS number of events from the three neutrino flavors in the SM (SM plus a vector NGI, with
ξV = −0.113). Values for χ2min in both cases are also shown.
The results in tab. 1 can be translated into the “fundamental” neutrino-quark parameters by using
eq. (19). To do so one has to bear in mind that although the number of events receives contributions
from Cs and I, the following simplification applies ξ2X ' ξ2XCs + ξ2XI ' 2ξ2XCs . As expected, given that
fCs ' fI, F 2(qCs) ' F 2(qI) and mNCs ' mNI (numerically we find ξXI/ξXCs ' 0.95 for all X). We then
derive the allowed 90%, 99% CL regions for the quark parameters for scenarios (1-i)-(1-iii) and for the
tensor case in terms of CuT − CdT . Fig. 4 shows the result for the scalar and vector interactions for
scenarios (1-i) and (1-ii) (results for scenario (1-iii) closely resemble those from (1-ii) and so we do not
display them), while fig. 5 for the tensor couplings. It is worth emphasizing that the CqX , D
q
X couplings
appearing in the different panels in fig. 4 are not independent, as can be seen from the translation of
the ξX parameters into the C
q
X couplings, eq. (19). Hence, even if we display the CL contour regions
in two quark parameter planes, since the initial χ2 function depends only on one ξX , we keep using
∆χ2 < 2.71 and ∆χ2 < 6.63 to determine the 90%, 99% CL contours, respectively.
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Figure 4: 90%CL (∆χ2 < 2.71, dark reddish) and 99%CL (∆χ2 < 6.63, light reddish) allowed regions
in the neutrino-quark couplings parameter space for scalar and vector interactions. Panels in the left
column correspond to constraints for scenario (1-i), while those in the second column to scenario (1-ii).
Results for scenario (1-iii) resemble those of scenario (1-ii) and so we do not display them. The dashed
lines refer to the values determined by the ξS,V BFPVs (see tab. 1). For ξV the χ
2 function exhibits
two minima and so for this case the result includes two non-overlapping regions.
As can be seen in fig. 4, among the constraints implied by COHERENT data those for scalar-type
interactions are the most stringent. This can be understood as follows. Although the data still involves
large uncertainties, one can see that it is rather consistent with SM expectations. The scalar interaction
involves a cross section that substantially differs from that of the SM model, and so once added it
worsens the fit. Furthermore, translation from ξS to quark parameters involves nucleon mass fractions
times nucleon-to-quark mass ratios which altogether amount to values of order 5 (see eq. (19)). Since
CS is bounded from the constraint derived on ξS, consistency demands a sort of cancellation between
the up and down couplings contributions, as fig. 4 (top panels) shows. On the other hand, tensor
couplings allow for a relatively large freedom even compared with vector parameters9, as depicted in
fig. 5. This, however, does not mean that tensor interactions provide a better fit to data than vector
9This result differs from what has been found in ref. [9], the constraints derived here being less stringent. The difference
arises from the translation from nucleon to quark operators. In our case we use “tensor charges” (eq. (15)), while ref. [9]
uses a vector-type translation.
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Figure 5: 90%CL allowed regions in the neutrino-quark couplings parameter space for tensor interac-
tions. The dashed line refer to the value determined by the ξT BFPV (see tab. 1).
Inter (ξX,1, ξX,2)BFPV P 90% CL 99% CL
ξS − ξV
(−0.363, 0.363) ξS [−0.816, 0.816] [−1.123, 1.123]
(−1.626,−0.253) ξV [−2.081, 0.203] [−2.514, 0.635]
ξS − ξT
0 ξS [−0.623, 0.623] [−1.076, 1.076]
0 ξT [−0.593, 0.593] [−1.081, 1.081]
ξV − ξT
(−1.398,−0.481) ξV [−2.081, 0.203] [−2.51, 0.632]
(−0.515, 0.515) ξT [−0.866, 0.866] [−1.195, 1.195]
Table 2: Best-fit-point values for scalar, vector and tensor parameters (second column), 90% CL (∆χ2 <
2.71, fourth column) and 99% CL (∆χ2 < 6.63, fifth column) ranges for ξX as defined in eq. (21). See
text for more details.
do, as demonstrated by ξBFPVT = 0. It follows from the translation from nucleus to quark parameters,
which in the vector case involve larger coefficients and so leads to narrower allowed regions. Finally,
the presence of two minima in the ∆χ2(ξV ) function translates into two separate linear bands in the
CuV , C
d
V plane and in two concentric rings in the C
u
V , D
d
A plane.
4.2 two-parameter scenarios
In this case we allow for the simultaneous presence of two interactions at the nuclear level. Accordingly,
we can distinguish three cases corresponding to ξS − ξV , ξS − ξT and ξV − ξT which involve eight and
six quark parameters respectively. As in the one-parameter case, here we focus on smaller—though
representative—regions of parameter space. To determine at which extent the presence of a second
interaction modifies the constraints obtained in the single-parameter analysis we study three scenarios:
(2-i) for ξS − ξV , CuS 6= 0 and CdV 6= 0; (2-ii) for ξS − ξT , CuS 6= 0 and CdT 6= 0; (2-iii) for ξV − ξT , CuV 6= 0
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Figure 6: Results for the two parameter case analysis. Dark (light) reddish regions correspond to
90%CL (∆χ2 < 4.61) and 99%CL (∆χ2 < 9.21) bounds for the neutrino-quark couplings.
and CdT 6= 0.
The chi-square function for this analysis becomes now a function of two parameters (ξX1 and ξX2). We
present in tab. 2 the BFPVs and the 90% and 99% CL ranges for each ξXi . The CL ranges for the
parameter ξX1 are obtained minimizing the least-squares function over the nuisance parameters α and β
and over the second interaction parameter ξX2 . In principle, the parameter R could also be constrained
by COHERENT data. However, its contribution to the CEνNS cross section is subdominant with
respect to the SM contribution. Moreover, it depends on the product of two of the fundamental quark
couplings CqS, C
q
T . It turns out that COHERENT bounds are not competitive enough to constrain
CqS and C
q
T via the R parameter, they are instead more stringently constrained by the requirement of
perturbativity (understood as CqS,T ≤ 1, i.e. the NGI should not exceed GF ). The constraints given
in tab. 2 can then be mapped into the parameters of the neutrino-quark Lagrangian in the same way
as in the single-parameter analysis. Using the relations given in eq. (19) we present in fig. 6 the
allowed regions for the fundamental parameters in scenarios (2-i)-(2-iii). We only show these three
particular cases, but the results in tab. 2 and eq. (19) allow to investigate any case in which two
nuclear interactions are simultaneously present.
These results imply that the presence of an additional interaction at the nuclear level relaxes the
bounds on the fundamental neutrino-quark couplings. Indeed, the addition of an extra free parameter
ξX allows for more freedom in the values of the NGI parameters. Interestingly, COHERENT constraints
on the vector interaction parameter ξV are sizeably relaxed with the addition of an extra scalar or tensor
interaction. This can be seen by studying the dependence of the ∆χ2 function upon ξV , depicted in fig. 7.
The red solid curve shows the ∆χ2 function in the single-parameter scenario where only ξV is switched
on, while the blue dashed curve refers to the two-parameter scenario with ξV and ξT simultaneously
present and the black dotted to the two-parameter scenario with ξV and ξS both active. In all three
cases the ∆χ2 function has two minima, but the region between them is heavily modified when an extra
interaction is added. In the region around ξV = −CV = −[1 − (1 − 4 sin2 θw) − N/Z] ' −0.95 the
extra vector interaction tends to cancel the SM contribution, thus worsening the fit. As can be seen,
the extra contribution (either scalar or tensor) improves the fit by increasing the expected number of
events in that region.
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Figure 7: Dependence of the ∆χ2 function on the ξV parameter in three different scenarios: The single-
parameter scenario with only ξV (red solid), the two-parameter scenario with ξV and ξT (blue dashed)
and the two-parameter scenario with ξV and ξS (black dotted).
5 Conclusions
We have studied a generic set of effective Lorentz invariant non-derivative neutrino-quark interactions
(NGI). These interactions contain as a subset well-studied neutrino-quark NSI, but involve additional
scalar, pseudoscalar, axial and tensor couplings. In contrast to vector interactions, they induce matter
potentials that are either helicity suppressed or vanish in non-polarized media. Accordingly, they are
poorly constrained by neutrino oscillation data. They instead contribute to scattering processes which
set bounds on their values. We have considered the contributions of NGI to the CEνNS process and we
have employed the recent COHERENT data to place constraints on the different effective parameters.
Our analysis includes scalar, vector and tensor quark currents and excludes pseudoscalar and axial
quark couplings, which being spin-dependent are expected to be less constrained. We have considered
diagonal as well as non-diagonal Lorentz structures, such as (ν¯γµγ5ν)(q¯γ
µq) and (ν¯γ5ν)(q¯ q) and under
the assumption of no lepton flavor dependence and of a spin-1/2 nuclear ground state, we have calculated
the full CEνNS cross section for neutrinos and anti-neutrinos. In order to assess the impact that such
interactions have on the CEνNS process, we have then carried out a chi-square analysis in two simplified
benchmark scenarios. A first one where only one nuclear interaction is present at a time, dubbed single-
parameter case, and a second where two are simultaneously present, called two-parameter case.
In the single-parameter case, our findings show that the scalar interaction is the most constrained,
with the tightest bound found for the Lorentz mixed pseudoscalar-scalar coupling. In such a case
the effective parameters are bounded to be smaller than 0.05 at 90%CL. For scalar-scalar couplings
this bound is relaxed and the parameters can be of order one, but still in a rather narrow region in
parameter space. Allowed vector NGI are also sizable reaching values as large as 0.85 at 90%CL, but
again in two non-overlapping narrow stripes. We find that tensor interactions are the less constrained,
with the reason being the translation between the nuclear to quark parameters, which involves “tensor
charges” which are small, thus allowing for more freedom. Nevertheless none of these values lead to an
improvement in the COHERENT data fit, as the BFPVs found in our analysis demonstrate.
In the two-parameter case, we have found that the presence of an additional interaction at the
16
nuclear level relaxes the bounds on the fundamental neutrino-quark couplings. The addition of an
extra free parameter ξX allows the NGI to span over relatively larger regions in parameter space. In
particular, the allowed ranges for the vector parameter ξV are sizeably modified with the addition of
an extra scalar or tensor interaction. In the region where ξV tends to cancel the SM contribution, thus
worsening the fit, the scalar or tensor contribution enables its improvement to values below 1σ.
We have pointed out that further and perhaps more severe constraints on NGI can be derived by
considering instead DIS scattering data from CHARM and NuTeV, as it turns out to be the case for
neutrino NSI [35]. However, whether this is the case depends on the mass of the mediator responsible
for the effective interaction. We have stressed that for mediator masses below ∼ 1 GeV our constraints
can be regarded as the current most stringent bounds on NGI. For mediator masses above this value
our results are still valid but should be confronted with those from an analysis using DIS data, which
to our knowledge does not exist. At any rate, improvements on limits on NGI couplings generated by
mediators with masses below 1 GeV will require further improvement of COHERENT data.
CEνNS offers a plethora of physics opportunities, allowing for tests of anomalously large neutrino
magnetic moments, sterile neutrinos, new light degrees of freedom, among others [17]. The analysis
presented in this paper, while revisiting COHERENT constraints on some BSM interactions already con-
sidered in the literature, further complements previous works by considering effective NGI with mixed
neutrino-quark Lorentz structures and simultaneous presence of various neutrino-quark interactions, for
which we have shown that COHERENT data still allows for sizable values.
Acknowledgments
We thank Juan I. Collar and Bjorn Scholz for providing the COHERENT data points and the final
acceptance function. Grayson Rich for providing the beam-on background data points as well as for
clarifying various aspects of their use. We are also grateful to Juan Barranco, Haris Kosmas, Mariam
To´rtola, Christoph A. Ternes, Luis Alvarez Ruso and Juan M. Nieves for useful discussions. DAS is
supported by the Chilean grant “Unraveling new physics in the high-intensity and high-energy fron-
tiers”, Fondecyt No 1171136. NR is funded by proyecto FONDECYT Postdoctorado Nacional (2017)
num. 3170135. VDR acknowledges financial support by the “Juan de la Cierva Incorporacio´n” program
(IJCI-2016-27736) funded by the Spanish MINECO as well as partial support by the Spanish fellow-
ship Iberoame´rica Santander Investigacio´n 2017 and the Spanish grants SEV-2014-0398 (MINECO),
FPA2014-58183-P, PROMETEOII/2014/084 (Generalitat Valenciana). VDR is also grateful for the
kind hospitality received at “Universidad Te´cnica Federico Santa Mar´ıa (Campus Santiago San Joaqu´ın,
Chile)”, during the initial stage of this work.
A Cross sections for neutrino and anti-neutrino CEνNS with
spin-1/2 nuclei
In this appendix we collect the results of the calculation of the CEνNS cross section for neutrino
and anti-neutrinos. We follow the conventions used in ref. [41]. We provide here the full expression
including all kinds of NGI, although in our analysis we actually neglect pseudoscalar and axial nuclear
currents. We compute the CEνNS cross section in the zero-momentum transfer limit, that is when the
spin-independent and spin-dependent nuclear form factors satisfy F 2(q → 0)→ 1 and S2(q → 0)→ 1.
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Figure 8: Diagram representing the CEνNS effective interaction momenta assignment.
We begin the computation of the CEνNS cross section by describing the kinematics of the process.
Incoming (outgoing) neutrino/anti-neutrino and nucleus four-momenta are labeled p1 and p2 (k1 and
k2), as shown in fig. 8. In the lab-frame they are written as
p1 = (Eν , eˆzEν) , k1 = (E
′
ν , eˆrE
′
ν) , (23)
p2 = (mN ,~0) , k2 = (mN , eˆ
′
rE
′
ν) , (24)
where eˆr = eˆz cosφ+ eˆx sinφ, eˆ
′
r = eˆz cosφ− eˆx sinφ and φ is the scattering angle. The outgoing neutrino
energy can be calculated as
E ′ν =
mNEν
mN + Eν(1− cosφ) , (25)
from which the nuclear recoil energy Er = Eν − E ′ν follows
Er =
E2ν(1− cosφ)
mN + Eν(1− cosφ) , (26)
and from which in turn the maximum nuclear recoil energy is obtained for backward scattering: Emaxr '
2E2ν/mN (Eν  mN).
The matrix elements for the process ν¯(p1)+N(p2)
J=1/2 → ν¯(k1)+N(k2)J=1/2 and ν(p1)+N(p2)J=1/2 →
ν(k1) +N(k2)
J=1/2 can be written according to
M(ν¯ +N → ν¯ +N) = GF√
2
∑
a
[
v¯s(p1)PRΓ
avs
′
(k1)
] [
u¯r
′
(k2)Γa (Ca + iγ5Da)u
r(p2)
]
, (27)
M(ν +N → ν +N) = GF√
2
∑
a
[
u¯s
′
(k1)Γ
aPLu
s(p1)
] [
u¯r
′
(k2)Γa (Ca + iγ5Da)u
r(p2)
]
. (28)
Here s, s′, r, r′ refer to spin indices and we sum over all Lorentz structures. The differential cross section
is in general given by [57]
dσ
dEr
=
1
32pi
1
E2νmN
∑
s,s′
1
2
∑
r,r′
∣∣∣Ms,s′,r,r′∣∣∣2 , (29)
where we have averaged over final state spins. Implementing the kinematic relations in (23) and using
FeynCalc [58,59] we arrive to the following expressions (the result for the tensor interaction was derived,
as far as we know, for the first time in [60])
dσa(q2 = 0)
dEr
=
G2F
4pi
mNaN
2
a
[
ξ2S
Er
Emaxr
+ |~ξV |2
(
1− Er
Emaxr
− Er
Eν
)
± 2~ξV · ~ξAEr
Eν
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+ |~ξA|2
(
1 +
Er
Emaxr
− Er
Eν
)
+ ξ2T
(
1− Er
2Emaxr
− Er
Eν
)
∓REr
Eν
]
, (30)
where we have dropped O(E2r/E
2
ν) terms. For neutrinos the third and last terms are positive and
negative respectively, while for anti-neutrinos the signs are opposite. Here the following conventions
apply
ξ2S =
C2S +D
2
S
N2
, ~ξV =
CV eˆV +DAeˆA
N
, (31)
~ξA =
DV eˆV + CAeˆA
N
, ξ2T = 8
C2S +D
2
S
N2
(32)
and
R = 2
CSCT − CPCT +DSDT −DPDT
N2
. (33)
Our result for anti-neutrinos differs from that found in ref. [41] in the vector, axial and mixed
vector-axial terms (couplings). The energy dependence of those terms, however, is the same and so
the differences are numerically small.
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